The crystal structures of lavendulan from the Hilarion mine, Laurion, Greece, and isotypic sampleite from the Northparkes mine, New South Wales, Australia, have been determined from single-crystal diffraction data, resulting in a revision of the symmetry. Cl] clusters, which are connected by XO 4 (X = As,P) groups into heteropolyhedral sheets. These sheets ideally have p4mm symmetry and are aligned parallel to (010), i.e., the plane of the excellent cleavage, and are linked to adjacent parallel sheets via NaO 6 and CaO 7 polyhedra as well as by weak hydrogen bonding.
Introduction
As part of long-term studies on the crystal chemistry and topology of secondary copper minerals, we present the previously unknown crystal structures of the two copper oxysalt minerals lavendulan and sampleite, NaCaCu 5 (AsO 4 ) 4 Cl ·5H 2 O and NaCaCu 5 (PO 4 ) 4 Cl·5H 2 O, respectively. Crystal structure data for a polymorph of sampleite are also given. For both lavendulan and sampleite, contradictory data on their symmetry have been reported since they were first described.
In the following section, we compile and critically discuss the previously reported data. Further below, the crystal structures of lavendulan and sampleite are described in detail and it is shown that both are isotypic and that zdenekite, NaPbCu 5 (AsO 4 ) 4 Cl·5H 2 O (Chiappero & Sarp, 1995; Zubkova et al., 2003) represents the Pb-analogue of lavendulan. The structure type contains heteropolyhedral sheets of Cu(O,H 2 O,Cl) 5 tetragonal pyramids and XO 4 (X = As, P) tetrahedra. Very similar sheets occur in andyrobertsite, (Cd,Ca,Mn)KCu 5 (AsO 4 ) 4 [As(OH) 2 O 2 ](H 2 O) 2 , its Ca-analogues calcio-andyrobertsite(-1M) Cooper & Hawthorne, 2000) and calcio-andyrobertsite-2O (Sarp &Černý, 2004) , as well as richelsdorfite (Süsse & Tillmann, 1987) , and possibly bleasdaleite . It will also be suggested that the atomic arrangement in the chemically related mineral lemanskiite, NaCaCu 5 (AsO 4 ) 4 Cl·5H 2 O (tetragonal dimorph of lavendulan; Ondruš et al., 2006) is based on the same sheets, as are the sheets in mahnertite, (Na,Ca)Cu 3 (AsO 4 ) 2 Cl·5H 2 O (Sarp, 1996; Pushcharovsky et al., 2004) . Additional comments are provided on the status of the inadequately characterized species shubnikovite, an obviously lavendulan-related, hydrated (K-)Ca-Cu-arsenate-chloride.
should be taken when preparing mounts of these minerals for X-ray powder diffraction measurements. The crystal structure of lavendulan was first solved by one of the authors (G.G.) in 1997 using well-crystallized material from the Hilarion mine, Lavrion, Greece. Based on this information, the X-ray powder diffraction pattern of lavendulan (sample from the same material) was completely revised and reindexed with monoclinic symmetry (space group P2 1 /n; a = 10.009(1), b = 19.467(2), c = 10.059(1)Å, q = 90.31(1)°, ICDD-PDF 49-1857). The crystal-structure data of lavendulan presented further below were obtained in 2002 from a second crystal of much better quality which also allowed location of the positions of the hydrogen atoms. Ondruš et al. (1997) provided new X-ray powder diffraction data for lavendulan samples from Jáchymov, Czech Republic. However, their data, which are included in the ICDD-PDF (no. 51-1491), are severely affected by preferred orientation, and are considered unreliable. Moreover, these authors give the primitive orthorhombic unit cell a = 9.817, b = 40.39, c = 9.997Å, and index the strongest reflection with 100, which is highly unlikely because the strongest reflection in lavendulan and related minerals always is a reflection on the basal plane (of the pseudotetragonal lattice) which is perpendicular to the long pseudotetragonal axis, and also represents the plane of perfect cleavage.
Sampleite, NaCaCu 5 (PO 4 ) 4 Cl·5H 2 O, was originally described by Hurlbut (1942) from Chuquicamata, Chile, as small platy blue crystals with square to rectangular outline. Sampleite is a hypogene species less abundant than lavendulan, but it has been found in more diverse environments, including occurrence as a cave mineral (Bridge et al., 1978; Onac et al., 2002) and as an anthropogenic compound on ancient copper objects (Fabrizi et al., 1989) . Physical properties are similar to those of lavendulan. Single-crystal studies of type sampleite indicated a primitive orthorhombic-pseudotetragonal cell with a = 9.70, b = 38.40, c = 9.65Å (Hurlbut, 1942) , which would be in accordance with the measured optical properties (biaxial negative, 2V = 5 to 20°) and the tabular (010) habit (Hurlbut, 1942) . The optical orientation of sampleite from the type locality was later confirmed by Guillemin (1956b) . However, a study of sampleite from Western Australia by Bridge et al. (1978) conclusively showed that the pleochroic scheme reported by Hurlbut (1942) is erroneous (pleochroism was not addressed by Guillemin, 1956b) . Bridge et al. (1978) also tried to obtain single-crystal data but found that "Weissenberg films are composed of symmetrically oriented streaks indicating considerable disorder. The respective zero layers could not be identified or indexed." Sampleite, as shown by high-temperature X-ray powder diffraction, undergoes a transformation characterized by an irreversible sharp reduction in the layer spacing (040 reflection) between 110 and 112°C, most likely due to loss of water (Fabrizi et al., 1989; Tarling, 1992) . This is in qualitative agreement with earlier experiments by Guillemin (1956b) who observed that sampleite, after being heated at 60°C, showed no change of optics, whereas heating at 90°C for 24 h caused the crystals to become uniaxial or almost uniaxial (2V ' 3°), and heating at 100°C for 48 h induced complete uniaxiality (compare also the similar behaviour of lavendulan described above).
No fully reliable powder diffraction data for sampleite exist. The published data are incomplete, missing the strongest reflection (Hurlbut, 1942, ICDD-PDF 7-393) and, additionally, containing strongly overestimated intensities of the stronger reflections (Guillemin, 1956b, ICDD-PDF 11-349) .
Scarce information is available on the solid solubility and its limits among the members of the lavendulan group. A phosphatian lavendulan with an As:P ratio of 79:21 has been described from South Australia (Kleeman & Milnes, 1973) . Members of the solid solution series lavendulan-sampleite with variable As:P ratios are also known from the Santa Catalina Mine, Sierra Gorda, Antofogasta Province, Chile. A lavendulan rich in Zn was found at Tsumeb, Namibia (Strunz, 1959) ; the exact Cu:Zn ratio is not known although it is reported that the sample was "relatively rich" in Zn. The 'Strunz Mineralogical Tables' (Strunz & Nickel, 2001 ) list the sample of Strunz (1959) as "zinclavendulan", with a chemical formula equivalent to that of a hypothetical Zndominant analogue of lavendulan, but there is no evidence whatsoever for this. A sampleite containing small amounts of Pb has been described from Broken Hill by Birch & van der Heyden (1988 . From Broken Hill, N.S.W., Australia, both cadmian-plumboan and plumboan varieties of sampleite have been identified (Kolitsch et al., unpublished data) . The changes in X-ray powder diffraction data and optical properties of these varieties from Broken Hill are in agreement with the observed chemical substitutions (Kolitsch et al., unpublished data) .
Experimental

Chemical and optical data
The following carefully chosen samples, to be used for the subsequent single-crystal studies, were first characterized by polarized-light microscopy and standard SEM-EDS analyses on carbon-coated crystals.
Lavendulan from the Hilarion mine at Lavrion, Greece (Elbin & Wendel, 1996) : The sample shows bright blue, transparent, glassy, lath-shaped crystals up to 1.5 mm in length (Fig. 1) , which are perched on a brown gossan matrix. Subparallel to radiating intergrowths are common. The laths show a weak striation parallel to their morphological elongation. Optically, the crystals are biaxial negative with an estimated 2V [ of about 30°(r 8 v, distinct) and * = 1.743(5). Their extinction is diagonal. Four crystals were carbon-coated for standard semiquantitative EDX investigations, performed on a Jeol JSM-6400 scanning electron microscope equipped with a Link EDX unit. Evaluation of nine point analyses showed the laths to contain Na, Ca, Cu, As, and Cl with an average atomic ratio of 1.4 : 0.97 : 5.14 : 4.07 : 0.99. The obtained value for Na is considered to be inaccurate because of severe peak overlap with the CuL [ peak. No further elements were observed within detection limits.
Sampleite from the upper oxidation zone of the E26 orebody, Northparkes mine, Goonumbla, New South Wales, Australia (McLean et al., 2004) : The sample consists of large, bright blue spherules, up to 2.5 mm in diameter and composed of subparallel thin rectangular plates. Optically, these plates are biaxial negative with small 2V [ , and a pleochroic scheme very similar to that of the sampleite polymorph from Lake Boga (see below). They show straight extinction, and q ' * = 1.675(3), i.e., in good agreement with literature data (Anthony et al., 2000) . Standard semiquantitative SEM-EDS analyses showed the presence of Na, Ca, Cu, Cl and P; K or other impurity elements were not detected.
Sampleite polymorph from the Lake Boga granite quarry, near Swan Hill, Victoria, Australia: This "sampleite", which occurs as a late-stage hydrothermal mineral in small miarolitic cavities of a granite, together with several other copper phosphates, is well-characterized (Henry & Birch, 1988) . Its chemical formula, (Na 1.06 K 0.03 )CaCu 4.9 (PO 4 ) 4 Cl 1.02 ·6H 2 O (derived from electron microprobe analyses; Henry & Birch, 1988) , closely agrees with that of the type material of sampleite (Hurlbut, 1942) .
The optical properties of a "sampleite" from Lake Boga (South Australian Museum, collection no. G 15410) have been investigated in some detail. The specimen contains large (up to 1.5 mm in length), lath-shaped crystals with a sharp rectangular outline. All crystals show a faint striation parallel to their elongation and are completely transparent, with glassy lustre. According to semiquantitative SEM-EDS analyses, the crystals are chemically almost pure, with trace amounts of K as the only detectable impurity element. Refractive indices of the crystals, determined in white light, are [ 1.630(3), q 1.575(2), * 1.576(2), and 2V [ ' 10°. Pleochroism is strong: X colourless to very pale blue, Y and Z pale blue with greenish tint; absorption Z & Y 8 8 X, dispersion weak, r 8 v. The optical elongation is positive and the optical axis plane is parallel to the crystal elongation. The extinction is straight or nearly so. These properties are generally in good agreement with the literature data for sampleite, except for the pleochroic scheme which disagrees with that given by Hurlbut (1942) for type sampleite, but agrees with the observations of Bridge et al. (1978) (see Introduction). 
2 )/3 (sampleite polymorph) *** These values reflect the low quality (probable stacking disorder) of the crystal fragment studied (see text). # This is the reduced number of reflections used in the final refinement which gave a resolution of 1.0Å.
Single crystal X-ray diffraction
Lavendulan
Several small, rectangular platelets from a well-crystallized lavendulan specimen from Lavrion, Greece, were studied by single-crystal techniques. All platelets showed a primitive cell with monoclinic-pseudotetragonal symmetry (a ' 10.0, b ' 19.5, c ' 10.0Å, q ' 90°); the long ( ' 41Å) axis and the orthorhombic symmetry reported by Guillemin (1956a) could not be confirmed. The large majority of the platelets studied showed poor crystal quality and/or twinning, and considerable effort and time were necessary to find a tiny single-crystal plate with a very good crystal quality. We also note that the CCD frames of this plate showed no diffuse streaking or elongated reflections. X-ray intensity data were collected from a tiny single-crystal plate using a Nonius KappaCCD diffractometer at room temperature (Vienna). Crystal data as well as experimental details are compiled in Table 1 . The measured intensities were corrected for Lorentz, background, polarisation and absorption effects.
The crystal structure refinement was started with the atomic coordinates of the first lavendulan crystal whose structure had been solved in 1997 by direct methods (SHELXS-97, Sheldrick 1997a ) and subsequent Fourier and difference Fourier syntheses. The structure refinement of the new dataset by full-matrix least-squares techniques on F 2 was done with SHELXL-97 (Sheldrick 1997b) . The positions of the hydrogen atoms were finally located by difference Fourier maps. Atomic coordinates for all hydrogens could be refined, and the final R-values were R1(F) = 5.35 % and (7) 0.1648 (3) 1.0037(5) 0.0037(9) W (1) 0.8525 (7) 0.0042(4) 0.2943 (7) 0.0320(14) 0.8509 (7) 0.0009 (3) 0.2984(6) 0.0077(9) W (2) 0.2341(10) 0.0227(4) 0.3557(9) 0.046(2) 0.2394 (9) 0.0236 (3) 0.3825(6) 0.0175(13) (14) 0.017 (7) 0.187 (14) 0.064* Note: Oxygens of H 2 O molecules as W. U eq as defined by Fischer & Tillmanns (1988) . * U iso values of hydrogen atoms were fixed at 1.2 times U eq of the respective donor oxygen atoms. wR2 all (F 2 ) = 13.37 % for 4179 reflections with F o 8 4 c (F o ) ( Table 1 ). We note that various possible twin matrices were also tried, but did not result in any improvement of the model.
The structure parameters of lavendulan are compiled in Tables 2 and 3 (anisotropic displacement parameters), and selected interatomic distances and bond angles including the proposed hydrogen-bonding scheme are given in Table  4 . A bond-valence analysis is provided in Table 5 . The refined unit-cell parameters of the lavendulan sample, a = 10.011(1), b = 19.478(2), c = 10.056(1)Å, q = 90.37(1)°, V = 1960.8(3)Å 3 , are nearly identical with those given on ICDD-PDF 49-1857 (based on the previous structure solution of a crystal from the same sample, as mentioned above).
For comparative purposes, small crystal fragments of a well-crystallized lavendulan from Chile were also studied by single-crystal methods. The sample is from the El Guanaco gold mine, Taltal, and is associated with excellent dark blue-green lammerite [Cu 3 (AsO 4 ) 2 ] crystals and very small amounts of a yellowish globular silver halide (iodargyrite?).
Although the crystal quality of the studied lavendulan fragments was fairly low, the studies showed that they have monoclinic symmetry and unit-cell parameters (a = 9.976(5), b = 19.433(10), c = 9.991(5)Å, q = 90.23(3)°, V = 1936.9(17)Å 3 for the fragment with the best crystal quality), which are only slightly lower than those of the lavendulan from Lavrion, and which could indicate either a small Pfor-As substitution or a partial dehydration (?) . A tentative refinement of an intensity dataset collected with a Nonius KappaCCD single-crystal diffractometer using measurement parameters similar to those applied for the data collection of the sampleite polymorph gave R1(F) ' 18 % and a model in good agreement with that of lavendulan from Lavrion. It is interesting to note that the locality providing the lavendulan studied (El Guanaco gold mine, Taltal, Chile) represents the type locality of lemanskiite (tetragonal NaCa- (3) 0.0123 (3) 0.0224(4) 0.0119 (3) 0.0004 (3) -0.0006 (3) 0.0003 (3) As (4) 0.0119 Cu 5 (AsO 4 ) 4 Cl·5H 2 O, see Discussion below), and that both lemanskiite and lavendulan occur at this locality, sometimes intergrown with each other (C. Lemanski, pers. comm., 2002) .
Sampleite
Several small, rectangular platelets from an apparently well-crystallized sampleite specimen from the E26 pit, Northparkes mine, Goonumbla, New South Wales, Australia, were studied by single-crystal techniques. As for lavendulan, all platelets showed a primitive cell with monoclinicpseudotetragonal symmetry (a ' 10.0, b ' 19.5, c ' 10.0Å, q ' 90°), but twinning was extremely common with only the very smallest crystals appearing to be single. These crystals were too small to provide an acceptable data set from a conventional laboratory diffractometer. X-ray intensity data were thus obtained at the ChemMatCARS facility of the Advanced Photon Source of the Argonne National Laboratory, Argonne, USA. Double diamond (111) reflections were used to obtain monochromated 0.5594Å radiation from the synchrotron source, and harmonics were eliminated with mirrors. An extremely small single-crystal plate of suitable quality was mounted on an unique Bruker Kappa diffractometer equipped with a SMART 6000 CCD detector and an Oxford Scientific Cryojet, allowing data to be collected at 123 K. No diffuse streaking or elongated reflections were observed, and there was also no evidence for any phase change from room temperature to 123 K. Crystal data as well as experimental details are compiled in Table 1 . The data integration and reduction were undertaken with SAINT and XPREP.6 (Bruker, 1995) , but no correction for absorption was made due to the very small size of the crystal. The crystal structure was solved by direct methods (SHELXS-97, Sheldrick 1997a) and subsequent Fourier and difference Fourier syntheses, which revealed the positions of all nonhydrogen atoms and showed that the topology of the structure of sampleite was identical to that of lavendulan from Lavrion. A subsequent isotropic refinement by full-matrix least-squares on F 2 (SHELXL-97, Sheldrick 1997b), and using the atom labeling scheme of the lavendulan from Lavrion, converged and yielded a sensible structure, but only to an R-value of ' 18% and curiously with anomalously low temperature factors for many atoms, and particularly for phosphorus. At this stage there appeared strong evidence for twinning in this monoclinic structure where with beta ' 90°a tetragonal structure was being emulated. Accordingly, the appropriate twin law (100, 0-10, 00-1) was invoked Table 4 . Selected bond distances (Å) for the coordination polyhedra in lavendulan (X = As) and sampleite (X = P). 
1.661(5) 1.679(5) 1.681(5) 1.708(5) 1.68 1.534(5) 1.537(9) 1.564(5) 1.569(6) 1.55 (9) 2.72(1) W(4)···W (5) 3.07(2) W(5)···W (5) 2.99(2) W(5)···W (3) 2.61 (2) and this reduced the R factor to ' 5%, with a refined twin ratio of 44:56, for the 4894 independent reflections in the data set. We note that the presence of an additional twin law cannot be excluded, although it is not considered probable. At this stage, the temperature factors for the four phosphoros atoms were still anomalously low and a significant portion of the data was still calculating very poorly. This suggested that, in addition to the twinning, the crystal might suffer from some kind of stacking disorder for which no retrospective 'data correction' could be applied. In order to overcome this problem, the low resolution limit of the reflection data to be used in the final refinement was held at 1Å and, while the number of data was now reduced to 2601 independent reflections, this allowed the structure to refine smoothly to a most acceptable model and, importantly, with acceptable isotropic thermal parameters for all atoms. We point out that changing the low-resolution limit to 2, 3 and even 4Å (which of course increases the number of low-angle data in the refinement) leads only to negligible change in the R factors for the isotropic model and to no change in the model itself; at 4Å, the only observable effect is the lowering of all displacement parameters by about 50%). An attempt to then refine the structure anisotropically was made but then abandoned as this resulted in non-positive definite temperature factors for almost half of the atoms. We note that problems in the anisotropic refinement of displacement parameters using low-temperature synchroton data are quite common. The positions of about half of the hydrogen atoms were locatable in the final difference Fourier map (at positions that correspond to those in lavendulan), but not reliably so, and hence hydrogens were not included in the final refinement. The final R-values were R1(F) = 4.44 % and wR2 all (F 2 ) = 12.08 % for 2601 reflections with F o 8 4 c (F o ) ( Table 1) . For easier comparison with the data obtained for lavendulan, the structure parameters of sampleite are included in Table 2 , and selected interatomic distances and bond angles are also given in Table 4 .
Sampleite polymorph
Several small, sharply rectangular platelets from the abovementioned "sampleite" specimen from Lake Boga, Victoria, were studied by single-crystal techniques. All platelets showed a primitive cell with monoclinic-pseudotetragonal symmetry. Surprisingly, the orientation of the crystal axes (a ' 9.7, b ' 9.7, c ' 19.7Å, q ' 102.6°) was different from that of lavendulan and sampleite. The following relations of orientation were evident: a sampl = -a lav , b sampl = c lav , c sampl = b lav . The reflections of all studied platelets were more or less broadened, and the crystal quality was very poor. Some crystals were apparently twinned, resulting in a "doubled" c-axis. In one case, splitting of a twinned crystal along the clearly visible twin plane (parallel to its morphological elongation and perpendicular to its platy face) led to an untwinned fragment, albeit of mediocre quality. Intensity data were collected from this crystal fragment with the same Nonius KappaCCD diffractometer used for the data collection of lavendulan. A full sphere of reciprocal space was measured (see Table 1 for details). The measured intensity data were processed with the Nonius program suite DENZO-SMN and corrected for Lorentz, polarisation, background and absorption effects. Analysis of the measured data indicated the centrosymmetric space group P2 1 /c. The crystal structure was solved by direct methods (SIR97, Altomare et al., 1999) and subsequent Fourier and difference Fourier syntheses, followed by full-matrix least-squares anisotropic refinements on F 2 (SHELXL-97, Sheldrick, 1997b) (Table  1) . Because the topology of the structure model obtained was similar (albeit not identical) to that of lavendulan and sampleite, all atoms were labeled accordingly (as far as possible) to allow easier comparisons of the common and the differing crystal-chemical features. The positions of the hydrogen atoms could not be located, and about four O atoms showed a "non-positive definite" character. The omission of about 40 reflections with a bad fit between calculated and observed structure factors resulted in both a distinct decrease of the R-values and a less "non-positive definite" character of the mentioned O atoms. During the last steps of refinement, about 75 further 'bad' reflections were omitted, which resulted in the final residuals R1(F) = 14.67 % and wR2 all (F 2 ) = 39.34 % for 3189 reflections with F o 8 4 c (F o ) ( Table 1) . A search for higher symmetry using PLATON (Spek, 2003) was unsuccessful. It should also be noted that the application of various possible twin matrices did not result in any distinct improvement of the model. The fairly high R-values are explained by the poor quality of the crystal and probably the additional presence of stacking disorder (all the largest residual peaks in the final electron density map were close to the Cu, Ca and Na atoms). The final positional and displacement parameters are given in Tables 6 Table 7 . Anisotropic displacement parameters (inÅ 2 ) for the sampleite polymorph from Lake Boga. 
1.503(10) 1.529(10) 1.544(10) 1.578(10) 1.539
1.497(9) 1.516(10) 1.530(11) 1.562(10) 1.526 (4) 2.95(2) W(2)···O (7) 2.90(2) W(2)···Cl 3.20(2) W(4)···O (1) 2.82(2) W(3)*···W(5) 2.61 (3) W(4)···W(4) 3.09(3) W(3)*···O(13) 2.61 (4) W(3)*···O(13) 2.75(3) W(3)*···O(14) 3.11(2) * W (3) is half-occupied, with a W(3)-W(3) distance of 2.34(7)Å. ** Only distances ‹ 3.1Å are listed (except when Cl is acceptor). and 7 (anisotropic displacement parameters). Selected bond lengths and probable hydrogen bonds are presented in Table  8 , and a bond-valence analysis is given in Table 9 . A list of observed and calculated structure factors is available upon request.
Zdenekite
Several samples of zdenekite, NaPbCu 5 (AsO 4 ) 4 Cl·5H 2 O, were also subjected to X-ray diffraction studies. Only one sample, from the type locality (Cap Garonne, France; collection of South Australian Museum, Adelaide), showed crystal aggregates of sufficient size for any single-crystal studies. These aggregates were composed of very small and thin, tetragonal (001) platelets. Some of the platelets were contact-twinned by rotation of 45°about the pseudotetragonal b-axis (this twinning is not described in the original publication). Unfortunately, all single crystals were too small and of a too low quality to determine a reliable unit cell or to distinguish between uniaxial and biaxial optics.
Results and Discussion
Crystal structure of lavendulan
The asymmetric unit of lavendulan contains one Na atom, one Ca atom, five Cu atoms, four As atoms, 21 O atoms (5 of which represent H 2 O molecules) and ten H atoms; all atoms occupy general sites. The previously given formula, NaCaCu 5 (AsO 4 ) 4 Cl·5H 2 O, is therefore confirmed. Lavendulan is characterized by heteropolyhedral sheets parallel to (010) (Fig. 2a) , which are composed of CuX 5 (X = O, Cl) and AsO 4 groups, and linked via NaO 6 and CaO 7 polyhedra as well as by weak hydrogen bonding into a loose framework (Fig. 2b) Fig. 3 . Therefore, each arsenate group is linked by common corners to two clusters plus one Cu(5)O 5 pyramid, which are combined together via the arsenate tetrahedra to the sheet, completed by the NaO 6 and CaO 7 polyhedra on both sides. The NaO 6 polyhedron is best described as a distorted trigonal prism, while the CaO 7 polyhedron may be characterized either as irregular or as a distorted, incomplete cube in which two adjacent corners are merged into a single corner, W(5). The NaO 6 and CaO 7 polyhedra both share two opposite edges with CuO 4 Cl pyramids; the other ligands are O atoms of H 2 O molecules (W(1), W(3), W(4) and W(5)). NaO 6 and CaO 7 polyhedra of neighbouring sheets are linked via common corners (H 2 O groups) among them as well as by hydrogen bonding (Figs.  2a,b) .
The heteropolyhedral sheet in lavendulan would have, in its idealized form, tetragonal p4mm symmetry (cf. Fig. 2a) . The sheet is equivalent to that in the Pb-analogue zdenekite, NaPbCu 5 (AsO 4 ) 4 Cl·5H 2 O (Zubkova et al., 2003 ; P2 1 /n, a = 10.023(7), b = 19.55(1), c = 10.023(6)Å, q = 90.02(1)°). Lavendulan is isotypic to zdenekite; note, however, that in the description of zdenekite the a and c axes, which are both identical in length within error limits, are interchanged as compared to lavendulan. The Pb atom in zdenekite is coordinated to seven O atoms, and forms a polyhedron quite similar to the CaO 7 polyhedron in lavendulan. The NaO 6 polyhedron in zdenekite, described as a "distorted octahedron" by Zubkova et al. (2003) , is in fact better described as a slightly distorted trigonal prism completely analogous to the NaO 6 polyhedron in lavendulan.
The [Cu 4 O 12 Cl] cluster is topologically equivalent to [Cu 4 O 13 ] clusters present in calcio-andyrobertsite (see below) and the synthetic compounds BaCu 4 (VO)(PO 4 ) 4 (Meyer & Müller-Buschbaum, 1997) and Na 5 ACu 4 (AsO 4 ) 4 Cl 2 (A = Rb, Cs) (Hwu et al., 2002) .
Bond valences and hydrogen bonding in lavendulan
The bond-valence analysis of the structure model (Table 5) yields bond-valence sums (BVSs) in good agreement with formal valencies, except for the Cl atom, with only 0.54 v.u. (valence units). However, the reported bond-valence parameters for Cu-Cl bonds seem to be insufficient; in sampleite and the sampleite polymorph (see below), equally 'low' BVSs are found for the Cl atoms. Furthermore, in clinoatacamite, the monoclinic polymorph of Cu 2 (OH) 3 Cl (Grice et al., 1996) , the BVS for the Cl atom is also only 0.37 v.u., but this atom receives additional hydrogen-bonds from three O atoms. This is not the case for lavendulan: the proposed hydrogen bonding scheme for lavendulan (Table 4, Figs. 2a,b ) shows that the D···A donor-acceptor distances are in the range between 2.65 and 2.95Å for those bonds with O ligands as acceptor atoms; in the case of H2a the acceptor is a Cl atom (W(2)-Cl = 3.185(8)Å) which thereby slightly improves its bond-valence requirements. In the tabulated bond-valence analysis of zdenekite, NaPbCu 5 (AsO 4 ) 4 Cl·5H 2 O (Zubkova et al., 2003; Table 3) , no bondvalence contribution is listed for the Cl atom because it is stated to be "overestimated". A recalculation gave a BVS of 0.55 v.u., i.e., a value nearly identical with that of the Cl atom in lavendulan.
Crystal structure of sampleite
The structures of sampleite and lavendulan have identical topology, as described above, with negligible differences being found in the bond distances and the geometry of the coordination polyhedra for the corresponding Cu, Ca and Na atoms (see Table 4 ), despite the distinct difference between the respective X-O (X = P or As) distances (P-O ' 1.55Å; As-O ' 1.685Å). We note that these average distances are all close to commonly observed metal-oxygen distances (Baur, 1981) .
The hydrogen bonding scheme in sampleite, tentatively given in Table 4 on the basis of probable donor-acceptor distances, appears fairly similar to that in lavendulan.
Crystal structure of the polymorph of sampleite
The heteropolyhedral sheet in the sampleite polymorph from Lake Boga is topologically identical to that of sampleite (and lavendulan), as demonstrated by Fig. 4 . However, the stacking of these sheets in the polymorph is slightly different, thus leading to a different space-group orientation. The NaO 6 polyhedron is a slightly distorted trigonal prism, very similar to that in lavendulan/sampleite. The CaO 7 polyhedron is equally similar. As in lavendulan/sampleite, each NaO 6 and CaO 7 polyhedron shares two opposite edges with CuO 4 Cl pyramids, and the H 2 O ligand W(1) connects Na and Ca in all three structures. In contrast to lavendulan and sampleite, W(3), one of the four interlayer H 2 O molecules, which represent ligands of the Na and Ca atoms, is only half-occupied (refined occupancy 0.56(5)), in agreement with an unrealistically close W(3)-W(3) distance of 2.34 (7) A. Thus, the chemical formula of the polymorph, NaCaCu 5 (PO 4 ) 4 Cl·nH 2 O, n ' 4.5, appears to be slightly different from that of sampleite.
The slightly different arrangement of the interlayer atoms, especially that of the H 2 O ligands (Fig. 4) , is believed to cause the somewhat different stacking and the change in space-group orientation as compared to sampleite (and lavendulan). The sampleite polymorph may be considered a polytype, if these slight topological differences and the apparently decreased water content are neglected. The unitcell volume of the sampleite polymorph (1806.5(6)Å 3 ; at 293 K) is smaller than that of sampleite (1822.3(6)Å 3 ; at 123 K), in agreement with a formula seemingly containing 2 H 2 O less per unit cell.
Calculated BVSs (Table 9) show good agreement with formal valencies. As in lavendulan and sampleite, the Cl atom has an anomalously low BVS, 0.63 v.u. (see above for discussion). The rather low values calculated for O(1) and O(5), 1.65 and 1.70 v.u., respectively, indicate that these atoms will be acceptors of various hydrogen bonds, in agreement with the hydrogen bonding scheme discussed below.
Because no H atoms could be located during the refinement, the hydrogen bonding scheme in the polymorph can be discussed only on the basis of the probable donor-acceptor distances (Table 8 ). These range between about 2.6 and 3.2Å, indicating strong to very weak hydrogen bonds. The two shortest donor-acceptor distances both involve the partially occupied W(3) site. The strongest and the third-strongest hydrogen bonds (W(3)-O(13) at 2.61(3)Å and W(1)-O(5) at 2.73(2)Å, respectively) strengthen the bonding between the sheets, whereas the second-strongest bond (W(3)-W(5) at 2.61(3)Å) extends roughly within the sheet. The strongly underbonded atoms O(1) and O(5) each receive hydrogen bonds from at least one H 2 O molecule, very similar to the situation for the equivalent oxygen ligands in lavendulan and sampleite. The hydrogen bond involving the Cl atom as an acceptor, W(2)-Cl = 3.20(2)Å, is of a length very similar to the corresponding bond in lavendulan.
We prefer to consider the polymorph of sampleite from Lake Boga only as a stacking variant instead of a new mineral species. We point out the similar relation between calcioandyrobertsite-1M and calcio-andyrobertsite-2O, which are both characterized by different stacking of a lavendulan-like sheet (see below). Calculated X-ray powder diffraction patterns of sampleite and the sampleite polymorph are similar, although a careful comparison shows small, but distinct differences in the range around d = 3.0Å. 
Related species and a re-classification of the lavendulan group
Lavendulan, sampleite and its polymorph belong to a group of visually similar, predominantly blue to turquoise-blue secondary arsenate and phosphate minerals, all of which form small, soft, platy crystals with apparent tetragonal or pseudotetragonal symmetry, and perfect cleavage parallel to the platy face (a result of the distinct features of the sheetbased crystal structure). We propose a re-classification of the lavendulan group, and suggest that this group should also include zdenekite, lemanskiite, mahnertite and shubniko- Notes: Lavendulan non-crystallographic data from Guillemin (1956a) , Gaines et al. (1997) and Anthony et al. (2000) . Sampleite non-crystallographic data from Gaines et al. (1997); Hurlbut (1942) gives cell parameters a = 9.70, b = 38.40, c = 9.65Å, and refractive indices [ 1.629, q 1.677, * 1.679; Guillemin (1956a) gives refractive indices [ 1.627, q 1.677, * 1.679, 2V 22°. Zdenekite non-crystallographic data from Chiappero & Sarp (1995) . Closely related species are andyrobertsite, calcio-andyrobertsite(-1M), calcio-andyrobertsite-2O, richelsdorfite, bleasdaleite and the inadequately characterized, lavendulan-related mineral shubnikovite (see text). n.d. = not determined. a) Powder diffraction data listed for lavendulan, sampleite, the sampleite polymorph and zdenekite are calculated from the respective structure models, in order to avoid the considerable effects of preferred orientation on measured reflection intensities. Note that the lavendulan powder diffraction data of ICDD-PDF 49-1857 (based on the earlier structure model of the first author) are in good agreement with calculated intensities. b) Optics of lavendulan and sampleite are influenced by heating (see text). c) On a zdenekite sample from the type locality, we observed some (001) platelets contact-twinned by rotation of 45°about the pseudotetragonal b-axis (see text). d) Originally reported space group is P4 2 2 1 2 (Sarp, 1996) .
vite, as well as richelsdorfite, bleasdaleite, andyrobertsite, calcio-andyrobertsite(-1M) and calcio-andyrobertsite-2O. Figure 5 compares the heteropolyhedral sheets in selected lavendulan group minerals with known crystal structures. Table 10 gives a detailed comparison of the relevant physico-chemical properties of the six chemically most closely related minerals. The remaining species, which show more different chemical compositions, are briefly addressed below. We point out that the lengths of the (pseudo-)tetragonal a-axes are similar in (nearly) all species; they range from about 9.6 to 10.1Å. To facilitate the understanding of the close relation to lavendulan and sampleite, a very brief, chronological description of the minerals is given here and the relations are discussed.
Zdenekite, NaPbCu 5 (AsO 4 ) 4 Cl·5H 2 O, was described as the Pb analogue of lavendulan by Chiappero & Sarp (1995) from the Cap Garonne mine, Var, France. It was reported as tetragonal, a = 10.066, c = 39.39Å, with possible space groups P4 1 22 or P4 3 22. By contrast with the optically biaxial members lavendulan and sampleite, zdenekite is optically uniaxial negative (Chiappero & Sarp, 1995) . A very recent crystal-structure determination of zdenekite by Zubkova et al. (2003) demonstrated, however, that zdenekite is monoclinic-pseudotetragonal, with space group P2 1 /n and a = 10.023(7), b = 19.55(1), c = 10.023(6)Å, q = 90.02(1)°. The atomic arrangement was found to be isotypic to that of lavendulan. The crystal studied was twinned and of relatively poor quality, such that R1(F) = 9.6%. Only the Pb atom could be modelled anisotropically, and the isotropic displacement parameters of all O atoms and some of their positions had to be fixed.
Zdenekite from the type locality contains some Ca replacing Pb (Pb:Ca ≅ 88:12), and the probable presence of a restricted solid solution range between tetragonal zdenekite and pseudo-tetragonal lavendulan has been postulated by Chiappero & Sarp (1995) . Subsequently, the mineral has also been found at Broken Hill, NSW, Australia (Birch, 1999) , and Lavrion, Greece (Möckel, 2001; Gröbner & Kolitsch, 2002) . From Broken Hill, N.S.W., Australia, calcian, calcian-phosphatian and cadmian varieties of zdenekite have been identified (Kolitsch et al., unpublished data; see also Birch, 1999) . The changes in X-ray powder diffraction data and optical properties of these varieties are in agreement with the observed chemical substitutions (Kolitsch et al., unpublished data) .
Lemanskiite, NaCaCu 5 (AsO 4 ) 4 Cl·5H 2 O, is dimorphous with lavendulan, and thought to represent the Ca-analogue of zdenekite (Ondruš et al., 2006 ; type locality: Abundancia mine, El Guanaco mining district, Chile). Lemanskiite is tetragonal (space group P4 1 22 or P4 3 22), with a = 9.9758, c = 36.714Å, and uniaxial negative. Because zdenekite was very recently shown to be monoclinic-pseudotetragonal (Zubkova et al., 2003; see above) , lemanskiite may in fact also be pseudotetragonal. Ondruš et al. (2006) comment that they did not use the structure model of zdenekite (Zubkova et al., 2003) for their whole-pattern fitting of the powder Xray diffration data of lemanskiite as they found "large discrepancies in bond-valence data derived from that refinement"; it is not mentioned, however, that the refinement had to use data that were collected using synchrotron radiation from a tiny platelet of poor quality and severely affected by twinning; we also note that the BVS calculated by Ondruš et al. (2006) as 7.9 v.u. for the As4 atom in zdenekite is incorrect (it should read 5.2 v.u.). Apparently, Ondruš et al. (2006) did not try a Rietveld refinement based on the model of Zubkova et al. (2003) .
The strongest reflections in the X-ray powder diffraction pattern of lemanskiite are distinctly different from those of lavendulan (cf . Table 10 ). We note that the X-ray powder diffraction data listed in Ondruš et al. (2006) are affected by a (small, but distinct) systematic error: for all first 24 hkl d calc 8 d meas (the remaining hkl are not indexed). Ondruš et al. (2006) report that grinding of lavendulan from Lavrion led, after several days, to a phase change from lavendulan to lemanskiite, whereas pulverized lavendulan from Jáchy-mov remained stable. This observation appears to be in agreement with the results of the temperature-dependent optical studies on lavendulan by Guillemin (1956a) , mentioned in the section 'Previous work'. Although lemanskiite may be considered as a partly dehydrated (V lav = 1961Å 3 vs. ½V lem = 1827Å 3 ) and therefore tetragonal or nearly tetragonal "lavendulan", the empirical formula of lemanskiite determined by Ondruš et al. (2006) is fairly close to NaCaCu 5 (AsO 4 ) 4 Cl·5H 2 O (water determined by CHN analyser).
Mahnertite, (Na,Ca)Cu 3 (AsO 4 ) 2 Cl·5H 2 O, is a mineral chemically closely related to lavendulan. It has been originally described by Sarp (1996) from the Cap Garonne mine, Var, France as tiny, thin square platelets which are uniaxial negative. Another occurrence at Lavrion, Greece, is briefly described by Rieck (1999) . Mahnertite was reported as tetragonal (space group P4 2 2 1 2), with a = 10.085, c = 23.836 A, and Z = 8 (Sarp, 1996) . The X-ray powder diffraction pattern of mahnertite (Sarp, 1996) is distinctly different from that of lavendulan (cf. Table 10 ). The crystal structure of mahnertite was solved very recently by Pushcharovsky et al. (2004) using single-crystal synchrotron diffraction data. These authors revised the space group to I4/mmm (a = 10.037(1), c = 23.739(1)Å, V = 2391.5(4)Å 3 ), and showed that the atomic arrangement in mahnertite is based on sheets very similar to those in lavendulan. The formula of mahnertite was suggested to be (Na,Ca)Cu 2.75 (AsO 4 ) 2 Cl 0.62 ·3.63H 2 O (Pushcharovsky et al., 2004) . The increase of the length of the c-axis by about 4Å is caused by more 'interlayer' (Na, Ca) and Cl atoms per formula unit, and also because of a different interlayer connectivity. The mahnertite sheet can be considered a prototype motif of the newly defined lavendulan group, because this sheet shows the highest symmetry among all sheets (compare Fig. 5 ).
Shubnikovite is a hydrated (K-)Ca-Cu-arsenate-chloride originally described and named by Nefedov (1953 Nefedov ( , 1955 using samples from the oxidation zone of an unstated locality (according to Pekov (1998) it is the Northern Area of the Khovu-Aksy Ni-Co-deposit, Tuva, Siberia). This species, with a formula currently given as Ca 2 Cu 2+ 8 (AsO 4 ) 6 Cl(OH)·7H 2 O (?), is considered an inadequately described mineral (e.g., Gaines et al., 1997 , Pekov, 1998 , Anthony et al., 2000 Mandarino & Back, 2004) . In fact, no published X-ray powder data exist for shubnikovi-te and, as shown below, it might be identical with or closely related to lavendulan.
In the original description of the species, Nefedov (1953) briefly reports on light blue, platy, translucent crystals found in the oxidation zone of an unstated locality. Their Mohs hardness is 2. Chemically, the mineral is reported to be a hydrous chloro-arsenate of Cu, Ca and K. Chemical analyses gave CuO 37.32, CaO 7.33, Cl 2.7, As 2 O 5 41.43; insol. 1.66 % [note that no data are given for K 2 O(!) or Na 2 O]. Optically, shubnikovite was reported to be biaxial negative, with a small optical angle and dispersion r ‹ v. Refractive indices are [ = 1.640, q = 1.690, * = 1.690, and absorption is X light blue, Y,Z greenish blue. The mineral was assumed to be orthorhombic(?) but no X-ray data are given. Later, Nefedov (1955) reports a monoclinic-pseudoorthorhombic unit cell with a = 14.08, b = 14.11, and c = 30.1Å [note: recalculated from originally reported kX units], specific gravity 3.38 g/cm 3 , and the orientation X // c and Y // b. This reported cell is close to the cell of lavendulan if it is assumed that the ' 14Å dimension is the diagonal of the pseudotetragonal ac plane in lavendulan (a, c ' 10.0Å); however, two ' 14Å axes are also encountered in the structurally related mineral richelsdorfite (see below). No further confirmed occurrences are known. A "shubnikovite" reported from Lavrion, Greece, by Wendel (2000) was found to be lavendulan instead (Gröbner & Kolitsch, 2002) .
In conclusion, the data reported for shubnikovite are clearly related to those of lavendulan (and possibly mahnertite), although the unit cell may have different dimensions. A re-investigation of the type specimen of shubnikovite is clearly warranted. Unfortunately, attempts to locate the type specimen have been unsuccessful. Richelsdorfite, Ca 2 Cu 2+ 5 Sb 5+ [Cl(OH) 6 (AsO 4 ) 4 ]·6H 2 O (Süsse & Schnorrer-Köhler, 1983; Süsse & Tillmann, 1987; Sarp et al., 1994) is chemically similar to lavendulan, and also pseudotetragonal. The crystal structure solution (Süsse & Tillmann, 1987) demonstrated that the mineral is monoclinic (space group C2/m, a = 14.079, b = 14.203, c = 13.470 A, q = 101.05°, V = 2643Å 3 , Z = 4). There seem to be several structural and chemical 'varieties' (possibly new species) of richelsdorfite: (i) Süsse & Tillmann (1987) state that richelsdorfite can exist also without any chlorine; the structure is still stable because the Cl -anion is replaced by an OHgroup; (ii) a structural investigation of a 'carbonate richelsdorfite', in which a CO 3 group substitutes for one specific AsO 4 group, was briefly reported by Drescher & Susse (1997) ; (iii) at least four different minerals similar to richelsdorfite have been briefly described from the Black Forest (Walenta, 2000) ; some of these do not contain Sb, others contain no Cl (Walenta & Dunn, 1988; Walenta, 2000) .
Bleasdaleite, (Ca,Fe 3+ ) 2 Cu 5 (Bi,Cu)(PO 4 ) 4 (H 2 O,OH,Cl) 13 , has been shown to be closely related to richelsdorfite, and, although the crystal structure could not be determined, the probable space group and unit-cell parameters (C2/m, a = 14.200, b = 13.832, c = 14.971Å, q = 102.08°, V = 2875Å 3 , Z = 4) are quite similar to those of richelsdorfite. It was suggested that the interlayer [Sb(OH) 6 ·6H 2 O] -complex in richelsdorfite is replaced by a [Bi(OH) 4 ·8H 2 O] -complex in bleasdaleite . Thus, bleasdaleite probably also shows a close structural relation to lavendulan.
